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Abstract 
Situated in the near of Schwarze Pumpe power station southeast of Berlin, Germany, Vattenfall operates a 30 MWth pilot plant in 
order to investigate the Oxyfuel process. Hitachi Power Europe delivered a DST-burner (DST-Brenner®) for the indirect firing 
system of the plant which was installed without modifications to the pressure part of the boiler. The combustion behavior during 
Oxyfuel operation was investigated and optimal burner settings for different operation points were established. The results show 
that the burner can be operated in a wide range of oxygen concentrations in the oxidant gas flow. The burner is characterized by 
low emissions of carbon monoxide and nitrogen oxides. The high flame stability was found to be unaffected by operational influ-
ences such as fluctuations in the coal mass flow, coal quality or soot blowing. Due to the high flame stability the change-over 
from air blown to Oxyfuel combustion can be realized very easily and is automated. During Oxyfuel operation measurements of 
temperatures and flue gas species in the flame were performed. The measurement values were compared with the values of the 
combustion modeling by computational fluid dynamics. The good agreement between both measurement and modeling shows 
the suitability of the applied models to predict the combustion behavior under Oxyfuel conditions.  
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Oxyfuel; combustion; firing; emissions; CFD. 
1.   Introduction 
The Oxyfuel process is considered as a promising solution to achieve high concentrations of carbon dioxide in 
the flue gas of fossil fired power plants in order to capture the carbon dioxide for storage or industrial applications 
and thereby avoid greenhouse gas emissions. From April to June 2010 the DST-burner was commissioned at the 
Oxyfuel pilot plant in Schwarze Pumpe. The fuel is burned in a mixture of recirculated flue gas and oxygen. The 
exhaust gas consists mainly of carbon dioxide, water vapor, excess oxygen, dust and trace gases. Almost pure car-
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bon dioxide can be produced by removing the remaining components in a flue gas treatment process downstream the 
boiler. The carbon dioxide can then be stored or supplied for technical applications. An overview about the Oxyfuel 
process gives [1]. Major research topics in terms of Oxyfuel combustion are discussed in [2]. 
1.1. Technical description of the test facility 
Several authors described the pilot plant before; see Burchhardt et al. [3] or Strömberg et al. [4], [5]. Therefore, 
only a brief description of the boundary conditions of the facility is given below. A design feature of the plant is its 
indirect firing system. The pulverized coal is taken from a silo and delivered via a rotary feeder to the down-shot 
burner at the top of the furnace. Air or recirculated flue gas is used as carrier gas depending on the mode of opera-
tion. The flue gas which is used as carrier gas during Oxyfuel operation is recirculated downstream the flue gas 
condenser and saturated with water vapor at 35 °C. This corresponds to an approximate water vapor concentration of 
8 % by volume. For safety reasons no oxygen is mixed into the carrier gas so that the dry basis oxygen concentration 
corresponds to the concentration in the flue gas resulting from the stroichiometry of the combustion. 
All other combustion gases – in this paper referred to as oxidants – are mixtures of recirculated flue gas and oxy-
gen. During Oxyfuel operation, a certain fraction of the flue gas is recirculated downstream the electrostatic percipi-
tator back into the furnace. This type of flue gas recirculation is referred to as hot or wet recirculation due to the 
prevailing temperatures well above the water dew point at this part of the flue gas path. The recirculated flue gas is 
preheated in a heat exchanger in the second pass of the boiler and then mixed with preheated oxygen provided from 
a cryogenic air seperation unit. The mixture of oxygen and recirculated flue gas is then distributed to the single 
oxidant cross-sections of the burner (core air, secondary air and tertiary air) and the over fire air (OFA). This type of 
operation is referred to as premixed mode. Furthermore, it is possible to distribute the recirculated flue gas to the 
different burner and over fire ducts and then add a specific amount of oxygen to the individual flows. Thus, each 
oxidant has a different oxygen concentration. However, all data presented in this paper refer to the premixed opera-
tion mode. Table 1 shows an analysis of the fuel that was used during the experiments. 
Proximate analysis Ultimate analysis 
Water 
[%] 
Ash 
[%] 
Fixed C 
[%] 
Volatiles 
[%]  C [%] H [%] N [%] S [%] Cl [%] O [%] 
10,2 5,6 38,5 45,7  57,5 4,16 0,63 0,61 0,02 21,3 
Chemical analysis of the ash 
SiO2 [%] Al2O3 [%] TiO2 [%] Fe2O3 [%] CaO [%] MgO [%] Na2O [%] K2O [%] SO3 [%] P2O5 [%] 
18,05 4,65 0,3 24,25 24,98 9,22 0,06 0,18 14,62 0,04 
Table 1: Fuel analysis 
1.2. DST-burner for indirect firing systems 
The DST-burner was developed for firing systems with 
indirect fuel supply on the basis of the DS®-burner design. 
The DS®-burner was developed in the early 1990s and can 
be used for all kinds of solid, pulverized fuels. The burner is 
characterized by a concentric design with swirled oxidant 
flows in all burner sections. An overview on the DS®-burner 
technology gives [7]. The DST-burner design provides a 
uniform fuel distribution at high concentrations of 
pulverized fuel in the carrier gas. The indirect firing system 
of the Oxyfuel pilot plant is characterized by high dust loads Figure 1: DST-burner (DST-Brenner®)
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in the carrier gas of about 4 kgfuel/kggas. The test burner comes with a high flexibility for different setting options 
such as an axial movable core air tube and adjustable swirl devices. Thus, optimal burner settings can be found for 
the different modes of operation. The burner was designed and manufactured according to the requirements resulting 
from the design of the existing furnace and the components of the firing system of the pilot plant. Previously, the 
combustion process had been investigated by means of computational fluid dynamics (CFD) in order to integrate the 
burner into the plant. 
2. Operation experiences 
2.1. Operation range 
Figure 2 shows the operating range of the burner as tested until now in premixed operation mode. Combustion 
tests have been performed in the range of wet basis oxygen concentrations in the oxidant between 23 and 36 % by 
volume. The operation points shown in the figure represent combustion conditions that could be realized with stable 
flames and emission values well below the emission limits. The figure shows isostoichiometric lines for 
stoichiometric ratios of 1.10, 1.15 and 1.20. An overview about the relation between the excess oxygen, the recircu-
lation rate and the stoichiometric ratios gives [5]. The carbon monoxide emissions increase at stoichiometric ratios 
below 1.13. It could be observed that a minimal oxidant flow to some of the OFA ports leads to be best emission 
behavior. As the volume flow over the OFA ports has to be kept at a certain minimum for cooling purposes, the 
stoichiometric ratio at the burner necessarily declines to values about 0.9 or lower at overall stoichiometries of 1.15. 
This, in turn, leads to an incomplete combustion with carbon monoxide as a gaseous flue gas component down-
stream the burner. 
Some of the OFA flows do not contribute to the oxidization of the carbon monoxide in the flue gas at under-
stoichiometric burner operation. The reasons are bad mixing due to too low velocities or suboptimal positions of the 
some of the twelve OFA nozzles. Stoichiometric ratios below 0.9 at the burner could therefore not be realized. 
Lower burner stoichiometries require an optimization or reconstruction of the OFA which in the current set-up 
works best in air-firing. Alternatively, the OFA flows could be replaced by recirculated flue gas without adding 
oxygen. This would lead to higher burner stoichiometries and, consequently, to lower CO emissions as a complete 
combustion could be achieved already at the burner. This, however, is only possible in an operation mode with indi-
vidual oxygen supply to the different oxidant flows but not in the premixed operation mode. 
Figure 2: Present operating range
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Figure 3 shows the relative car-
bon monoxide emissions for dif-
ferent oxygen concentrations in the 
flue gas. The black symbols repre-
sent measured carbon monoxide 
emissions during Oxyfuel opera-
tion with a high over fire oxidant 
volume flow of approximately 
5500 m³/h (STP). The gray sym-
bols show the relative carbon 
monoxide emissions measured 
during Oxyfuel operation with an 
oxidant flow through the OFA 
ports of approx. 3500 m³/h (STP). 
It can be clearly seen from the 
figure that the carbon monoxide 
emissions decrease as the oxidant 
flow to the OFA is reduced and the 
burner stoichiometry increases. 
Regarding the oxygen concentration in the oxidant, the upper limit of 36 % by volume is based on safety reasons. 
Oxygen concentrations higher than 39 % by volume are not permitted at the pilot plant. This limit, in turn, could be 
touched very easily at oxygen concentrations higher than 36 % by volume due to normal operational fluctuations. 
However, from what has been observed so far, oxygen concentrations higher than 36 % by volume would lead to a 
safe operation regarding combustion behavior, flame stability, carbon monoxide and nitrogen oxide emissions. 
Though, when it comes to high oxygen concentrations in the oxidant and, by this, to high flame temperatures, one 
has to keep in mind the ash characteristics at high temperatures as well as the influences on the heat transfer in the 
evaporator section and the convective pass of the boiler.  
During premixed operation, the lower limit of the wet basis oxygen concentration in the oxidant is about 23 % by 
volume for this burner design. For a stable operation at even lower oxygen concentrations the cross-section of the 
core air tube could be increased to realize a higher core oxidant volume flow and, thus, supply enough oxygen to the 
flame core. Alternatively, the oxygen concentration in the core oxidant could be increased. This, however, is not 
possible in the premixed operation mode and requires an additional oxygen injection into the core flow. From the 
experiences gained at the pilot plant together with a sophisticated combustion modeling, an optimal burner can be 
designed for a wide range of designated oxygen concentrations in the oxidant. The optimum burner design for a 
commercial plant always would be done towards lowest emissions and optimum combustion in the relevant range of 
oxygen concentration, i.e. for higher concentrations when oxygen is supplied by a cryogenic air separation unit and 
towards lower concentrations when a membrane system would be applied in the future. 
2.2. Emission behavior 
2.2.1. Nitrogen oxides 
Figure 4 shows the NOx emissions for the investigated operating range of the burner as a function of the oxygen 
concentration in the flue gas. The NOx emissions are generally low. Each operating point represents different burner 
settings and stoichiometries. The limit value for NOx emissions could be kept at all operation points. Figure 5 shows 
the NOx emissions as a function of the oxygen concentration in the oxidant. It can be seen from the figure, that the 
NOx emissions are low over the whole operation range. The oxygen concentration in the oxidant does not influence 
the NOx emission behavior. This is likely due to the staged supply of oxidant at the burner where the NOx formation 
is inhibited or NOx is reduced in the oxygen lean flame zones. 
Figure 3:   Relative carbon monoxide emissions (percentage of the limit value) at different oxy-
gen concentrations in the flue gas for an OFA volume flow of 5500 m³/h STP, black 
symbols, and an OFA volume flow of 3500 m³/h STP, gray symbols. 
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Figure 6 shows measured NOx concentrations for an Oxyfuel flame with a wet basis oxygen concentration in the 
oxidant of approximately 24 % by volume. The two vertical lines represent overall stoichiometric ratios of 1.16 and 
1.22. It can be seen from the figure that the NOx formation increases with increasing excess oxygen. The NOx con-
centration in the flue gas could be reduced to less than 450 mg/m³ STP (0.13 kg/MWh) which is approximately one 
quarter of the emission limit for NOx (0.54 kg/MWh [8]). The NOx concentrations are higher than in air combustion 
at similar stoichiometries. During air-blown combustion values lower than 200 mg/m³ STP (approx. 0.25 kg/MWh) 
could be realized with the DST-burner. However, NOx emission loads are significantly lower in Oxyfuel operation 
(about 0.15 ± 0.3 kg/MWh). 
2.2.2. Carbon monoxide 
The carbon monoxide emissions could be kept below the limit value of 0.2 kg/MWh (approximately 
680 mg/m³ STP [8]) at all operation points shown in Figure 2. The existing OFA ports of the pilot plant have to be 
cooled with a certain oxidant volume flow. An efficient functioning of the OFA is crucial for the combustion of the 
remaining CO in the flue gas resulting from understoichiometric burner operation. It turned out that the existing 
OFA system is not effective as some OFA ports are in a wrong position and the exit velocities at the OFA nozzles 
are too small to penetrate the flow. However, low CO emissions could be achieved by reducing the OFA oxidant 
Figure 4:  NOx emissions at different oxygen concentrations in 
the flue gas according to the operation points in 
Figure 2
Figure 5:  NOx emissions at different oxygen concentrations in 
the oxidant according to the operation points in 
Figure 2
Figure 6:  NOx emissions as a function of the oxygen concentration in the flue 
gas during Oxyfuel combustion with an oxygen concentration in the 
oxidant of approximately 24 vol.-% (wet).
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flow to an effective minimum. Further investigations and an optimization of the OFA are on-going in order to re-
duce the excess oxygen. Moreover, a reduction of the excess oxygen involves a reduction of the NOx emissions as 
shown in Figure 6. Figure 7 shows the CO emissions in the operation range tested so far. 
3. Furnace modeling 
The Oxyfuel combustion process has been modeled by CFD software FLUENT. In-flame measurements have 
been performed in order to compare the results with those obtained from the modeling. The oxygen concentration in 
the oxidant was about 28 % by volume on wet basis for these investigations. Figure 8 shows the velocity magnitude 
inside the furnace as calculated by CFD. The modeling confirms the assumption that the OFA exit velocities are 
rather small. This can be seen from the horizontal plane in Figure 8. Consequently, the mixing of the flue gas and 
the OFA oxidant is poor. Figure 9 shows the CO concentration in the flue gas. Considerable concentrations of CO 
are predicted by the simulation downstream the OFA level which indicates a poor mixing of the flue gas and the 
OFA oxidant. 
Figure 7:  CO emissions at different oxygen concentrations in the 
flue gas according to the operation points in Figure 2
Figure 8:  Velocity magnitude (m/s) as calculated by 
CFD for a wet basis oxygen concentration in 
the oxidant flow of approx. 28 % by volume. 
The horizontal plane shows the OFA level.
Figure 9:  CO concentration (% by volume, dry basis) 
as calculated by CFD for a wet basis oxygen 
concentration in the oxidant flow of approx. 
28 % by volume; the overall stoichiometry is 
1.22; the burner stoichiometry is 0.96.
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Comparisons between measured and predicted CO concentrations show an excellent agreement. Figure 10 
and Figure 11 illustrate the results from measurement and modeling at two exemplary distances from the burner. 
The measurements were made by introducing the probes from the side wall to the middle of the furnace. Measure-
ment and simulation were found in good agreement for all furnace levels equipped with measurement ports. 
The flue gas temperature was measured inside the furnace by means of a suction pyrometer with a NiCr-Ni ther-
mocouple (type K). Figure 12 shows the results of the measurement in comparison with the CFD modeling. Meas-
ured and calculated values are in good agreement. At the furnace center the calculated values exceed the temperature 
range of the thermocouple used for the measurements. This could explain the sole deviation at 2040 mm distance to 
the furnace wall. The good agreement proves the suitability of the applied models to calculate the heat transfer in the 
furnace. The emissivity of the flue gas has been calculated with a weighted sum of gray gases model for high carbon 
dioxide and variable water vapor partial pressures. The heat fluxes to the furnace wall are currently under investiga-
tion. Figure 13 shows the temperature distribution predicted by the CFD calculation. 
Figure 10:  Measured (symbols) and predicted (dotted line) carbon 
monoxide concentrations at 5340 mm distance to the 
furnace top.
Figure 11:  Measured (symbols) and predicted (dotted line) carbon 
monoxide concentrations at 7800 mm distance to the 
furnace top.
Figure 12:  Measured (symbols) and predicted (dotted line) 
temperatures at 7800 mm distance to the furnace top.
Figure 13:  Temperature distribution (°C) as calculated 
by CFD for a wet basis oxygen concentration 
in the oxidant of approx. 28 % by volume.
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4. Summary 
Experimental investigations of the Oxyfuel combustion process began after the successful installation and com-
missioning of Hitachi’s DST-burner at Vattenfall’s Oxyfuel pilot plant in Schwarze Pumpe. The investigations con-
centrated on the combustion with a premixed mixture of oxygen and recirculated flue gas with different wet basis 
oxygen concentrations between 23 and 36 % by volume. The tests show an excellent emission behavior and high 
flame stability within the investigated range of operation. The comparison between the results of in-flame measure-
ments and CFD modeling show a good agreement in terms of temperature distribution and flue gas composition. 
The applied models are suitable to predict the combustion behavior in an Oxyfuel boiler. There will be subsequent 
investigations of heat fluxes to confirm the models used to calculate the heat transfer. 
An optimization of the OFA ports of the furnace will further reduce the required excess oxygen. First tests of 
throttling single OFA ports already showed promising results. Some ineffective OFA ports will be closed. The opti-
mization of the OFA will allow to further reduce excess oxygen, CO and NOx emissions and to have a view on the 
actual burner performance. 
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